We have reinvestigated the use of ionizing radiations to measure the molecular mass of water-soluble or membrane proteins. The test was performed by using the most straightforward aspect of the technique, which consists of SDS/PAGE analysis of the protein-fragmentation process. We found that exposure of purified standard proteins to increasing doses of ionizing radiation causes progressive fragmentation of the native protein into defined peptide patterns. The coloured band corresponding to the intact protein was measured on the SDS gel as a function of dose to determine the dose (D37 t) corresponding to 37 % of the initial amount of unfragmented protein deposited on the gel. This led to a calibration curve between I/D37t and the known molecular mass of the standard proteins whose best fit gave Mr = 1.77 x 106/D37. tat -78°C, i.e. 3500 higher than the generally accepted value at that temperature obtained from inactivation studies.
INTRODUCTION
Hydrodynamic methods are the most appropriate to determine the molecular mass of an unknown protein: for example, sedimentation equilibrium is unambiguous in that it requires no calibration (Tanford, 1961; Tanford et al., 1974) . A related technique such as sedimentation velocity combined with the determination of Stokes radius by gel filtration is already subject to caution, since it involves a calibration of the gel-filtration column (Nozaki et al., 1976; le Maire et al., 1980 ; however, its advantages, such as ease of use and the possibility of working on a non-purified or non-homogeneous preparation of soluble protein, largely compensate for the calibration problems (le Maire et al., 1987 (le Maire et al., , 1989 .
Direct effect of ionizing radiations can be used to measure either a target size (TS) by radiation fragmentation or a radiationinactivation size (RIS) (Lea, 1955; Beauregard et al., 1987) . This technique is unique in that it can be applied to proteins in situ, such as proteins in a cell or in a membrane. The method is based on the probability that a given protein is hit and its intact structure and function are abolished by an ionizing radiation through an all-or-none process. The measured probability is dependent on radiation dose (D), the energy absorbed per mol of protein altered (Q) and the molecular size of the protein. It is an empirical method based on a calibration with standards, and it is one purpose of this work to test the calibration by using the recently introduced technique of combined SDS/PAGE and irradiation to measure TS (Saccomani et al., 1981; Jung, 1984) : the proteins, irradiated with increasing doses, are electrophoresed and quantified either after direct staining (Coomassie Blue or silver staining) or indirectly, for instance with a specific radioactive label. A decrease in band intensity or radioactivity with respect to dose reflects the progressive destruction of the protein, directly related to its TS. This new approach differs from the target theory, which is applied to the analysis of radiationinactivation data of protein (Lea, 1955) and which measures RIS (Beauregard et al., 1987) . The classical description of target theory assumes that, under radiation exposure, the decays of intact polypeptide and biological activity are identical; that is often, but not always, the case (Kempner & Miller, 1983; Beauregard et al., 1987 Beauregard et al., , 1988 McGrew et al., 1989) . Thus the relationship most commonly used between Mr and radiation doses is that which Kepner & Macey (1968) obtained, using biological-activity decay of 20 samples of known Mr values, which is:
6.4x l05 D37 (l) where D37 is the dose (in Mrad) responsible for decreasing the measured activity to 37 % of that found in the unexposed Vol. 267
Abbreviations used: TS, target size; RIS, radiation-inactivation size. t To whom correspondence and requests for reprints should be addressed, at: C.G.M., C.N.R.S., 91198 Gif-sur-Yvette Cedex, France. controls, should rather be expressed in terms of the radiationinactivation size (RIS): RIS= 6.4xO (2) Eqn.
(1) was obtained at 30°C on freeze-dried samples. The discovery that temperature affects the curves of the loss of biological activity versus dose for proteins (Fluke, 1966) and is related to Q is now taken into account Beauregard et al., 1987): log RIS = 5.89-logD37, -0.0028t (3) where t is temperature (°C) . At 30°C, eqn. (3) is the same as eqn.
(2), but, when frozen samples are irradiated, which is now the common procedure used to avoid possible structural damage to the biological sample by freeze-drying, the relation can be quite different. For (Jung, 1984; Vaidhyanathan & Jung, 1987) . This proposal has, however, been questioned more recently (Andersen & Vilsen, 1988) .
MATERIALS AND METHODS Proteins
The sources of standard water-soluble proteins were: soyabean trypsin inhibitor, Sigma T 9003; carbonic anhydrase, bovine erythrocytes, Sigma C 7500; aspartate transcarbamylase from Escherichia coli was prepared as described by Gerhart & Holoubek (1967) 
Source of radiation
We have used y-rays produced in a Gammacell 220 60Co irradiator as previously described (Beauregard & Potier, 1982; Beauregard et al., 1983) , except that the temperature of the irradiated samples was maintained at -78°C with crushed solid CO2 (Bowman et al., 1985) . The irradiation was conducted at a dose rate of approx. 2 Mrad/h in a specially designed tube rack allowing isodose exposure of the samples (Beauregard et al., 1983 (green filter no. 57 A). In that case the linearity of the response was only observed in the range of about 0.05-0.5,ug of protein per lane.
To obtain the N-terminal amino acid sequence of the peptides, the SDS gels were electrotransferred to Immobilon-P membranes (Millipore) as described by Matsuidaira (1987) doses of '-rays The conditions were the same as in Fig. 1 . The intact bands were analysed as described by either Saccomani et al. (1981) , 1986) . The numbers of subunits are from Sober (1968) and Fasman (1976 Fig. 3 seem to increase with Mr' this is due to the inverse plotting of D37: Table   1 shows that the standard deviations are independent of the Mr. Fig. 3 . In Table I we also give the results obtained with Ca2+-ATPase in its native membrane: the D37 of 1.8 Mrad is the average of 15 determinations on gels, and leads to an Mr of 150000 if one uses the calibration of Fig. 3 Fig. 3 (Table 2 , last column).
Since there are reports that peroxide scavengers influence the D37 of some proteins, particularly membrane proteins (Andersen & Vilsen, 1988) , we have tested the influence of 0.3 M-sucrose on the D37 of catalase, ovalbumin and Ca2+-ATPase. The gels appeared very similar (Fig. 4) , and the D37 values obtained were not significantly different from those obtained in the absence of sucrose (results not shown), so that the data with and without sucrose were pooled for these proteins. This result is in accord with those of Jensen & N0rby (1988) .
For non-solubilized membrane proteins, the lipids are thought not to interfere with the D37 measurement (Beauregard et al., 1987) . We have tested the effect of SDS, which binds to all proteins at about 1.4 g/g (Reynolds & Tanford, 1970) , and found that, for all five proteins tested which were denatured in SDS before irradiation, a much lower D37 was obtained, indicating that they were more susceptible to radiation breakage (Table 3) .
The result for the Ca2+-ATPase confirms that obtained by Andersen & Vilsen (1988) . The peptide pattern is more or less conserved after irradiation in SDS, but the bands are generally less distinct because of the additional presence of a smear (Fig.  4) . From the D37 values obtained in SDS, two different apparent Mr values can be calculated (Table 3) : the first makes use of the calibration obtained in the absence of SDS (Fig. 3) and the second assumes that a new calibration is necessary if the proteins are irradiated in SDS (Fig. 5) Figure. transcarbamylase from E. coli: its structure has been elucidated at 0.26 nm (Kim et al., 1987) , and its N-terminal amino acid is not blocked. The Mr-34000 subunit (catalytic chain) produces distinct peptides upon irradiation (Fig. lb) . The main peptides have apparent Mr values on SDS gels of 30000, 28000, 27000, 25 500 and 21 000, labelled 1-5 in Fig. 1(b) . These peptides were purified, and a partial N-terminal sequence was obtained for each of them. Surprisingly we found the same sequence every time: Ala-Asn-Pro-Leu-Tyr-Gln..., which is also the N-terminal sequence of the Mr-34000 subunit. This indicates that the breakage points for this protein were all localized close to the C-terminal. Examination of the three-dimensional structure of aspartate transcarbamylase showed that these break points along the chain seem to be localized mainly in loops and turns (Fig. 6) , (Fig. 3) .
1 Obtained by assuming Mr = 0.58 x 106/D37 in the presence of SDS (Fig. 5) . (Konigsberg & Henderson, 1983; Hoover et al., 1983; Schachman et al., 1984) are placed on both extremities of a-helical or fl-sheet structures as given in the current protein data banks for that protein (Kim et al., 1987) . Amino acids 189-191 are engaged in a sharp three-amino-acids turn. The proline residues are also indicated in the figure as P. The amino acid numbers above the arrows are deduced from the estimated sizes of the peptides 1-5 in Fig. 1(b) although their exact localization must await the development of sensitive methods for C-terminal sequence analysis (Shively et al., 1989 Nugent, 1986 ).
Most people rely on the general formula given by Kepner & Macey (1968) , adapted to temperature changes (see, e.g., Beauregard et al., 1987) , and tested with a single or a few enzymes (see, e.g., Hymel et al., 1984; McIntyre & Churchill, 1985) . Occasional tests with several enzymes have appeared which were more or less in line with the initial data (Lo et al., 1987) . The main problem with radiation inactivation is that the decline in biological activity with dose is not necessarily related to the subunit Mr of the enzyme, being sometimes higher, sometimes lower, than the expected value. In the first case, one hit in one subunit would lead to the inactivation of the whole oligomer (Kempner & Schlegel, 1979) or part of it (Beauregard et al., 1988) . In the second case, one hypothesis is that the peptides produced may conserve some enzymic activity (see, e.g., Jensen & Ottolenghi, 1985; Swillens, 1986; Jensen & N0rby, 1988) , although testing of this hypothesis with tyrosinase showed no active peptides (Kempner, 1988; Kempner & Miller, 1989) . One is therefore measuring a RIS (Beauregard et al., 1987) , which may be only distantly related to the true Mr given by the primary sequence (Beauregard et al., 1988) . With the new approach, where SDS gels are analysed (Saccomani et al., 1981) , one rather measures the TS. The problem is theoretically more simple, provided there is no transfer of energy from one subunit to another in an oligomer (Kempner & Miller, 1983) . However, no general testing of this method has been presented, probably because of the large number of gels which it implies for a complete calibration. Also, the possible existence of energy transfer between subunits (Saccomani et al., 1981) has not been tested on many oligomers. So far, the technique has been used with only a few proteins, and the D37 was related to TS by the eqns. (1), (2) and (3) established for the classical approach of radiation inactivation. This procedure assumed identical decay rates for fragmentation and inactivation. In fact, the results were insufficient to assess the validity of this postulate. The calibration reported here shows that this assumption was not warranted.
To obtain a proper calibration, we have irradiated ten proteins widely used for gel-filtration calibration and whose state of aggregation after h.p.l.c. purification had been tested by analytical ultracentrifugation (sedimentation equilibrium and sedimentation velocity; le Maire et al., 1980 . It was necessary to work with homogeneous preparations of protein whose state of aggregation was unambiguous to test the possible energy transfer between subunits in oligomers (Jung, 1984; Vaidhyanathan & Jung, 1987 ). It appears that native proteins are not highly fragmented when hit, but produce distinct large peptides. The presence of peptides on gels after irradiation has been noted previously (see, e.g., Karlish & Kempner, 1984; Andersen & Vilsen, 1988) , but it has not been realized previously that each protein has a sort of 'fingerprint' after irradiation. Since some of these peptides have an Mr close to that of the intact protein, one can easily understand that these may conserve partial enzymic activity, as discussed above.
As a result of our calibration we obtained the relation:
1.77x 106 (5) TS =(5 D37 at -78°C (solid-CO2 temperature), in which the numerator is about 35 % greater than the generally accepted value obtained by radiation inactivation at that temperature (eqn. 4). This calibration was obtained by the two methods of gel analysis: (i) scanning of a gel with a photometer and integrator (see, e.g., Saccomani et al., 1981) and (ii) elution of the protein bands, followed by absorption reading (Karlish & Kempner, 1984) .
Both methods give identical results. The relative error in D37 is of the order of 20 %, which is reasonable, although it is larger than the error in Mr determination by hydrodynamic methods (le . While this work was in progress, Jensen & N0rby (1988) reported a calibration of the fragmentation technique with four proteins, and also obtained a slope higher (20 %) than the accepted value.
In our experiments, random secondary reactions of free radicals with the proteins do not appear to be an important phenomenon which could cause fragmentation, because this is likely to be a statistical phenomenon, whereas the fragmentations that we observed occurred at defined sites. In other words, a smear would appear on the gels, rather than defined peptides. Furthermore, we observed no effect of 0.3 M-sucrose, in accord with Jensen & N0rby (1988) .
As expected if 'fragile' bonds exist, the fragmentation rate of individual proteins may be somewhat variable. Indeed, some proteins, such as catalase, thyroglobulin and myosin (Fig. 3) , had a fragmentation rate statistically distinct from the average. Based on their behaviour, one may suspect that irradiation of unknown proteins to measure their D37 and the use of eqn. (5) could sometimes lead to an error of almost a factor 2 in the Mr determination (Tables 1 and 2 ). Close inspection of the RIS literature data also shows the existence of 'anomalous' proteins (see, e.g., Kepner & Macey, 1968; Kempner & Schlegel, 1979; Nugent, 1986 (6) There is only one variable Q between RIS and D37,t Beauregard et al., 1987) . Hence the different numerators in eqns. (4) and (5) Qf(-78°C) is 17.7 MJ/mol (1.77 x I1" erg/mol) (eqn. 5) and the Qi(-78°C ) is 12.9 MJ/mol (1.29 x 1014 erg/mol) (eqn. 4). As a corollary, the data show that a small but significant proportion of the molecules hit are inactivated without being fragmented, as detected by SDS/PAGE. An explanation for this could be the loss of secondary and tertiary structure without fragmentation or with fragmentations localized in amino acid side chains (Beauregard et al., 1988) .
Another important conclusion from the present work is that all the 12 oligomeric proteins tested gave an Mr value closer to their subunit size than to the overall Mr (Tables 1 and 2 ), indicating that there is no energy transfer between subunits, at least none that could cause fragmentation of the polypeptide chain detectable by SDS/PAGE. This result was also obtained for two other water-soluble oligomers (Kempner & Miller, 1983; Edwards et al., 1985) . This is in contradiction with what has been described for several intrinsic membrane proteins studied by radiation fragmentation (Saccomani et al., 1981; Chamberlain et al., 1983; Hymel et al., 1984; Bowman et al., 1985; Takahashi et al., 1985; McGrew et al., 1989) and two extrinsic membrane proteins (Saccomani et al., 1981; McIntyre et al., 1983) . In these cases, it was argued that, after one hit, there is a transfer of energy from one subunit to the others, leading to fragmentation in all the subunits of these oligomers (Kempner & Schlegel, 1979; Vaidhyanathan & Jung, 1987) . However, for the intrinsic membrane protein Ca2+-ATPase from sarcoplasmic reticulum (Hymel et al., 1984) , it has recently been shown that the solubilized monomer has an apparent Mr equivalent to a dimer, by using eqn. (1) both by radiation inactivation and radiation fragmentation (Andersen & Vilsen, 1988 (Table 3) . It may be recalled that radiation inactivation is enhanced for membrane protein-Triton X-100 complexes (Beauregard & Potier, 1984; Nugent, 1986) , although to a lesser extent than fragmentation with SDS (up to 55 00; Beauregard & Potier, 1984) .
All proteins that we have studied show defined fragments of radiolysis, indicating that proteins contain 'fragile sites' more susceptible to breakage along the polypeptide chain. The nature of these sites is of considerable interest, because their distribution, frequency and 'fragility' in particular proteins may explain the variable susceptibility of different proteins to fragmentation independently of their size (Tables 1 and 2 ). Irradiation of aspartate transcarbamylase generated fragments which all contained the N-terminal sequence of the catalytic chain, and the breaks seemed to be localized in loop and turn structures close to the C-terminal end (Fig. 6) . It is known that the N-terminal part of the catalytic chains is deeply embedded in the quaternary structure of the enzyme, being engaged in multiple interactions with the regulatory chains (Kim et al., 1987) . The N-terminal sequence should thus be a rather stable part of the molecule with respect to the C-terminal sequence, which has a more external position in the structure. This illustrates the importance of the distribution of these fragile sites for the radiation-sensitivity of a protein independently of the fact that the protein has been effectively hit by ionizing radiation. With breaks very close to protein ends, the molecular mass of some fragments may not be distinguished from the intact protein by the SDS/PAGE technique, the difference in Mr being below the resolving power of the method. This would increase artificially the apparent D37 value for some proteins, leading to underestimation of their target size. Thyroglobulin and catalase (Table 1 ) may be in this group. The reverse may also be true for myosin, which is very labile to radiation, probably because of its peculiar rod-shaped structure interrupted by random-coil regions which are highly susceptible to proteolytic cleavage. It may be that radiolysis occurs at the same sites. It is noteworthy in relation to myosin structure that, in the presence of SDS, the other proteins also adopt a rodlike structure with flexible regions (Reynolds & Tanford, 1970; Makino, 1979) , and in SDS all proteins showed an increased sensitivity to radiation. Clearly, a better method than SDS/PAGE is needed to detect radiation-induced breaks in proteins, and more information on the relationship between structure and radiation sensitivity is needed.
The finding of 'fragile sites' in proteins sheds some light on the mechanisms responsible for protein radiolysis. The breaks in the chains do not occur at the site of radiation hit, since this would generate random fragments. y-rays are penetrating, and in theory can hit the protein anywhere along the polypeptide chain. As previously suggested by Patten & Gordy (1960) (Beauregard et al., 1988) .
But the main new interest in the radiation technique may lie in the possibility of providing structural information such as the localization of fragile bonds in the primary structure. The analysis of the peptides formed by radiation in a large number of proteins is now necessary.
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